Techniques that involve the use of comb-filtered spectra to study human colour vision have been developed in previous work (Bonnardel, V., Bellemare, H., Mollon, J.D., 1996. Measurements of human sensitivity to comb-filtered spectra, Vision Research 36, 2713-2720; Bonnardel, V., Ruderman D.L., Barlow, H.B., 1997. A fast determination of the Spectral Modulation Sensitivity Function: a comparison between trichromats and deuteranopes. In: C.R. Cavonius (ed.), Color vision deficiencies XIII. Dordrecht: Kluver 415-424). These techniques are applied in the present study to measure colour discrimination among deuteranomalous observers and normal trichromats, with the aim of determining the spectral position of the anomalous cone fundamentals. Results show that comb-filtered spectra are useful in determining the extent to which variability in colour discrimination among anomalous and normal trichromatic colour observers is accounted for by the spectral properties of photoreceptors.
Introduction
Comb-filtered spectra are colour stimuli whose spectral energy is modulated sinusoidally as a function of wavelength (Barlow, 1982) . Their parameters include comb frequency, which is defined as the number of cycles per 300 nm over the range 400 -700 nm, phase, amplitude of modulation and mean luminance. For a given comb frequency at a constant level of modulation, the set of chromaticity co-ordinates of combfiltered spectra produced when phase varies from 0 to 360 deg describes an ellipse around the neutral point (unmodulated spectrum) (Brill & Benzschawel, 1985; Bonnardel, Bellemare, & Mollon, 1996) . By varying phase, one can thus probe colour discrimination in all chromatic directions (see Fig. 1 ). By varying amplitude of modulation, one can vary stimulus saturation along an axis that joins an unsaturated neutral point with an amplitude of zero to a most-saturated point that corresponds to a fully modulated comb-filtered spectrum with an amplitude of one. By varying comb frequency, one can generate different ellipses in a chromaticity diagram by varying phase and holding amplitude constant. It is thus possible to present a stimulus of a given chromaticity in an infinite number of ways using combfiltered spectra, by properly trading off their frequency, phase and amplitude.
An observer's cone fundamentals determine which comb-filtered spectra are metameric for that individual. If, when calculating chromaticity coordinates, one chooses the correct set of fundamentals for a given observer, then discrimination ellipses derived for two sets of comb-filtered spectra that differ in frequency will have the same size, position, and orientation in a chromaticity diagram. This is because discrimination thresholds at two different comb frequencies and generally different phases must be identical if they lie in the same direction away from the unsaturated neutral point. Hence the ellipses traced out for the two comb frequencies must be the same. We have used this principle in reverse: by finding the fundamentals that make discrimination ellipses at two comb frequencies most similar, we determined the spectral position of the cone fundamentals. This has been done for the anomalous cone fundamental of four deuteranomalous observers under large field or small field conditions. Two normal trichromats have acted as controls.
Method

Comb-filtered spectra
The comb-filtered spectra are generated by a stimulator that has been fully described elsewhere (Bonnardel et al., 1996; Bonnardel, 1998) . The apparatus uses an interference wedge to spread the spectrum of the light from a short-arc xenon bulb of 150 W. The resulting light provides a spatially continuous linear spectrum from 400 to 700 nm in the plane of a liquid crystal display (LCD). The LCD is modulated sinusoidally ( Fig. 2A ) in space to provide a corresponding wavelength modulation in the spectral power distribution E(u) provided by the apparatus to the observer ( Fig.  2B ):
in which E 0 (u) is the spectral power distribution of the unmodulated spectrum, m is the amplitude of the modulation, f is the comb frequency expressed in cycles per 300 nm (a unit hereinafter denoted c), p 0 is the phase, and p(u)= 1.2u − 480 scales the spectral interval to match the interval 0-360 deg. In these experiments, comb-filtered spectra of frequency either 1.2 or 1.7 c were used. These two comb frequencies were chosen from the interval of optimal sensitivity measured among normal trichromats in earlier work (Bonnardel et al., 1996; Bonnardel, Ruderman, & Barlow, 1997) , but differed sufficiently to generate noticeable differences in chromaticities (Fig. 2C ).
Procedure
Observers viewed the stimuli monocularly and used a chin rest. The stimulus comprised either an annulus of outer radius 8.5 deg visual angle with the central 4 deg occluded (large field condition) or a 2 deg spot displayed on a background of similar luminance (small field condition). The LCD was used to vary the luminance of the test randomly between 5.5 and 10.4 cd/m 2 with a mean of 8 cd/m 2 , in order to ensure that responses were based on colour rather than luminance cues.
The observers indicated which stimulus differed from two others in a three temporal alternative forced-choice task. A staircase procedure was used to determine the modulation required by an observer to distinguish the single test with the modulated spectrum from the two reference stimuli with unmodulated spectra. The mean value of the last four staircase reversals, among a total of ten, was taken as threshold for that staircase. Four staircases were randomly interleaved per measurement. The large field condition with the annulus was used in the first set of measurements. Stimulus duration was 1 s. Three deuteranomalous observers (CS, AH and AWH) and one normal trichromat (EV) were tested in these conditions. In a second set of measurements, stimulus duration was reduced to 0.5 s, to shorten the duration of the experiment. One deuteranomalous observer (BR) was tested in the small field condition with the 2 deg spot, while one normal trichromat (VB) was tested in both small and large field conditions.
Computation of chromaticity coordinates
Stimulus spectral power distributions were measured using an Ocean Optics S2000 spectrometer that had previously been calibrated using a luminance standard in our laboratory. Chromaticity coordinates of combfiltered spectra were computed in the small field condition using the CIE 1931 standard observer colour Fig. 1 . Chromaticities of theoretical comb-filtered spectra were computed for 2 comb frequencies for 30 deg steps at a maximal level of modulation. The chromaticities are fit perfectly by an ellipsoidal contour. Shifting phase (p) changes direction in the chromaticity diagram, measured with respect to the chromaticity of the neutral, unmodulated spectrum (cross), while altering amplitude (m) allows saturation to vary from the unmodulated spectrum to the ellipsoidal contour, which corresponds to the most saturated stimuli. The locus of the unmodulated spectrum (here x= 0.33; y= 0.33) lies inside the ellipsoidal contour but does not correspond to a particular point of the ellipse (centre or focus). matching functions as modified by Judd (1951) , the DeMarco et al. fundamentals (DeMarco, Pokorny, & Smith, 1992) , and the Stockman et al. 2 deg fundamentals (Stockman, MacLeod, & Johnson, 1993) . In the large field condition, chromaticity coordinates were computed using the Stockman et al. 10 deg fundamentals (Stockman et al., 1993) , which are based on the Stiles -Burch 2 deg fundamentals (Stiles & Burch, 1955) . Chromaticity coordinates of 20 fully modulated comb-filtered spectra are plotted in the CIE chromaticity diagram in Fig. 2C . Chromaticity coordinates of the spectra were also plotted in the MacLeod -Boynton (MacLeod & Boynton, 1979) colour diagram using the DeMarco et al. fundamentals (Fig. 2D ) and the Stockman et al. 10 deg fundamentals (Fig. 2E) . For each observer, the spectral properties of the threshold stimuli were measured after the data were collected.
Obser6ers
The four deuteranomalous observers (BR, CS, AWH and AH) were all male students in their first or second year of University who volunteered to participate in the experiment. Each had normal or corrected to normal acuity. Their colour vision was assessed using both Ishihara plates and a Nagel anomaloscope (type II). The authors VB and EV, both with normal trichromatic colour vision, also served as observers in these experiments.
Results
Colour discrimination thresholds were measured for ten different directions in the chromaticity diagram for each of two differing comb frequencies, in both large and small field conditions. For deuteranomalous observers, the spectral position of the anomalous M-cone fundamental was shifted towards the long-wavelengths in steps of one nanometer; chromaticity coordinates were computed for these different u max values. Each group of ten thresholds thus obtained was then fit by a procedure that determined the five parameters of the best-fitting ellipse (position x 0 , y 0 of centre, orientation q, and lengths a, b of the major and minor semi-axes, respectively). For each deuteranomalous observer, the spectral position of the anomalous M-cone fundamental that leads to the most similar best-fit ellipse's parameters was determined. For normal trichromat observers, fundamentals for the standard observer only were used (see Table 1 for parameters values).
Small field condition
When discrimination thresholds in the small field condition are plotted in the CIE chromaticity diagram, the two discrimination ellipses for VB (normal trichro- For clarity, the best-fitted ellipses only are plotted; they are plotted on the same chart for purposes of comparison. As indicated in Table 1 , there are small variations in the centre of the ellipses, thus when plotted on the same chart, the scale is respected but not the exact location.
mat) have similar size and are oriented approximately along the tritanopic confusion line (Fig. 3, left panel) . The ellipses of BR (deuteranomalous) have different sizes and both are oriented along the deuteranopic confusion line. When plotted in a MacLeod -Boynton diagram, VB's discrimination ellipses are of similar size and vertically oriented, while BR's ellipses vary in size and orientation and are slightly tilted to the right (Fig.  3 , right panel, on the left). The difference between BR's two ellipses is minimised for an anomalous M-cone fundamental with u max equals to 559 nm. When this anomalous cone fundamental is used, BR's two ellipses lie nearly atop one another with a vertical orientation and a size similar to that of VB (Fig. 3 , right panel, on the right). Fig. 4 shows discrimination thresholds of the four observers for frequencies 1.2 c (Fig. 4A ) and 1.7 c (Fig.  4B) . As classically reported, discrimination ellipses vary noticeably among deuteranomalous observers (Regan et al., 1994) . AH and AWH's discrimination ellipses are oriented roughly along the M-cone excitation line (although in case of AH, validity of the parameters should be regarded cautiously considering the low value of the goodness of fit). For the three deuteranomalous observers, the discrimination ellipses vary in size and orientation with comb frequency, whereas for the normal trichromat EV, the two ellipses are oriented vertically and are of about the same size. As was found with BR, shifting the M-cone fundamental towards the longwavelength end of the spectrum causes the plotted ellipses to take on a vertical orientation. The discrimination ellipses of all four observers in the large field condition are plotted together in Fig. 4C , using the optimal anomalous fundamentals (with u max of 561 nm for AWH and AH; and of 559 nm for CS). The size of CS' ellipses is comparable to that of EV's, while those of AH and AWH are about two to three times as large. 
Large field condition
Comparison between conditions
Discussion
We succeeded in finding the spectral position of the anomalous cone fundamental that minimises the difference between the discrimination ellipses found for each deuteranomalous observer. It is the close alignment of the members of each pair of ellipses that indicates a correct choice of cone fundamentals. The alignment depends on the use of metameric comb-filtered spectra at the two chosen comb frequencies, and the metamerism depends, in turn, on the choice of fundamentals. In the MacLeod -Boynton diagram, the aligned ellipses of the deuteranomalous observers are oriented vertically, as was also found to be true of the ellipses for the normal trichromats. The vertical orientation indicates a greater sensitivity to L-axis modulations than to S-axis modulations in this colour space (Romero, Garcia, Jinenez del Barco, & Hitza, 1993) and is believed to be the consequence of the correct choice of the fundamentals.
Owing to the large overlap with the normal cone fundamental, the psychophysical determination of the spectral sensitivity of the anomalous cone fundamental has been difficult to perform in anomalous trichromats. Recently, Sharpe et al. (1998) measured the spectral sensitivity curves of the anomalous fundamentals retained by dichromats (protanopes, or more conveniently named by the authors 'anomalous protanopes') and that are shared with anomalous trichromates (protanomalous) observers. Since there are no such 'anomalous deuteranopes' (deuteranopes retain the normal L-cone fundamental and not the anomalous M-cone fundamental), spectral sensitivity for these fundamentals remains to be determined. DeMarco et al. (1992) , proposed fundamentals for a 'standard deuteranomalous observer' with a spectral separation of 6 nm between the anomalous M-and the normal L-cone fundamental (560 -566 nm). With a spectral separation of 7 nm (559 -566 nm), DeMarco et al. fundamentals provide a suitable chromaticity diagram to represent BR's performance. However, there is evidence from molecular biology studies (Merbs & Nathans, 1992; Ansejo, Rim, & Oprian, 1994) indicating that deuteranomalous observers do not all share the same anoma- Comparison of results from small and large field conditions for observer VB indicates than when field size increases, the size of colour discrimination ellipses decreases (e.g. Brown, 1952; Yebra et al., 1994) . The decrease, shown in Fig. 5 , is due mainly to a reduction in vertical semi-axis length, again in agreement with the results of Yebra and colleagues. This reduction corresponds to an increase in sensitivity to modulations along the S direction, and may be due to a higher density of S-cones at the retinal eccentricities stimulated by the large field stimulus, although rod intrusion cannot be ruled out at the relatively low luminance levels used in these experiments. VB's discrimination ellipses are also tilted slightly to the left of vertical. This may be due to the effect of biological variables like macular pigment density, lens thickness, photoreceptor optical density and spectral position of photoreceptors that cause transformation of colorimetric axes (Smith & Pokorny, 1995) and that were not taken into account in this study.
Our object was to represent discrimination performance of anomalous observers in a suitable chromaticity diagram where the spectral position of the anomalous cone fundamental is taken into account. The technique presented here shows that comb-filtered spectra can take into account this and pre-photoreceptoral causes of variation in observer spectral sensitivity. lous pigment. X-linked pigment genes produce families of hybrid pigments (combinations of M and L pigments), and a monotonic relationship exists between the maximum of the pigment absorption curve (u max ) and the fraction of the hybrid pigment derived from the L and M-cone pigments (Sharpe et al., 1998) . In vitro studies (Merbs & Nathans, 1992; Asenjo et al., 1994) , using recombinant pigments produced in tissue culture cells, show a spectral separation between the hybrid and normal pigment of 4 -12 nm depending on the fraction from which the hybrid pigment is derived. The determination of the u max we made of the anomalous M-cone fundamental for each individual deuteranomalous observers shows a 4 -7 nm differences in the spectral separation between the two fundamentals, suggesting difference in cone-fundamentals among our observers. Also relevant in the choice of fundamental for deuteranomalous and not taken into account in this study, is the existence of a common dimorphism of the normal L-fundamental giving rise of two L-cone fundamentals differing in their spectral position. DeMarco et al. and Stockman et al. use a L-cone fundamental whose sensitivity is intermediate between the two common variants.
There is also variation among the anomalous observers in the absolute level of discrimination, as indicated by variation of 2.8-fold in ellipse size, which agrees with the variation of two-to three-fold found among normal trichromats (Romero et al., 1993) . This agreement suggests that when the spectral position of the anomalous cone fundamental is taken into account, the range of variation in colour discrimination is comparable to that of normal trichromats (Pokorny & Smith, 1977) .
